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ABSTRACT
A new type of anchor, composed of steel caissons installed into the soil by suction under-pressure, presently finds a strong
interest in the offshore oil industry, in particular for deepwater sites because of its vertical loading capability in taut-leg
moorings, and the reduced installation equipment required. Two case histories are presented in the paper, describing the
installation of the moorings for the Nkossa barge in Congo in 1995 and for the Girassol FPSO in Angola in 2001. In both
cases, the paper gives the general soil conditions and design assumptions, together with the results of the installation
operations, with a comparison between the predictions and the monitored site installation results. For the Nkossa barge
anchors in about 200m of water, the results obtained in soft normally consolidated clays were in perfect agreement with the
predictions, thus demonstrating the reliability of the design installation procedure. For the Girassol FPSO anchors in
1,400m of water, the measured anchor penetration resistance in soft highly plastic clays was lower than predicted, raising
concern about the actual anchor holding capacity in a taut-leg mooring system with a significant vertical loading
component. Following a third party review of the design assumptions, the holding capacity of the FPSO anchors was
validated, and an improved installation prediction method was proposed.

INTRODUCTION
With the oil and gas industry exploration and production
fields extending into ever deeper waters, the use of taut
leg moorings with anchors having a vertical load holding
capacity has become the new standard. The suction
anchor concept, where a steel caisson is forced into the
soil by means of suction under-pressure, was first
introduced in the offshore industry in the early 80’s. It
has found a renewed interest in the last 10 years, in
particular for deep water moorings in soft clay soils due
to three key advantages: (a) fixed location on sea
bottom, which may be a critical issue in large and
congested subsea developments, (b) relatively
straightforward installation procedure, with no
requirement for site proof-load testing, and (c) reliable
design method for ultimate holding capacity calculation,
providing confidence in their long-term pullout capacity
[Colliat, 2002]. Since 1995, this suction anchor concept
has been used for the permanent mooring of a number of
production floating structures, such as FPSO/FSO
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vessels, semi-submersible FPUs, or SPAR buoys (see
Fig. 1).

Fig. 1. Floating oil production structures in deep waters
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In 1995, the Nkossa process barge, in 200m of water in
Congo, was the first permanent mooring with suction
anchors in soft clays representative of deep water sites.
In 2001, for the Girassol field development in 1,400m of
water in Angola, the deepest oil production field off
West Africa to date, one FPSO vessel was moored with
suction anchors in a taut leg mooring configuration. In
both cases, the general soil conditions are described in
the paper, together with the general design assumptions,
and the results of the installation operations are
compared to the installation predictions.

NKOSSA MOORING (200m Waterdepth in Congo)
General Design Conditions
The Nkossa field is located in the Gulf of Guinea, at
about 60km southwest of Pointe Noire in Congo. At the
edge of the continental slope, the seabed is generally
smooth and slopes to the south-southwest with an
average gradient of 3%. Shallow borings were
performed at the location of each group of three anchors,
including sampling and in-situ CPT testing, in water
depths ranging between 150 and 200m. The Nkossa soils
consist of normally consolidated clays, with a shear
strength increasing more or less linearly with depth. In
the top 20m of sediments, the water content decreases
from 80% to about 55%, and the plasticity index Ip is
equal to 40%. The design undrained shear strength
profiles are summarized in Fig. 2, giving the strength
profiles deduced from UU triaxial tests.
At the Nkossa field, the process and accommodation
barge supports 33,000 tons of equipment and can house
up to 160 people. Close to one drilling jacket platform,
the barge is moored by means of twelve 107mm chains,
in clusters of three at each corner, and with a mooring
radius ranging between 600 and 900m. The permanent
mooring system was designed to meet the requirements
for the 30-year field lifetime period, with the following
global safety coefficients:
- 2.20 and 1.75 in intact and damaged (i.e. one
mooring line broken) condition, respectively, for the
lines for which the rupture would lead to a barge
motion toward the jacket
- 1.75 and 1.25 in intact and damaged condition,
respectively, for the lines for which the rupture
would lead to a barge motion away from the jacket.
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Fig. 2. Nkossa clay shear strength profiles
The holding capacity of the suction anchors was
calculated by NGI, using both limit equilibrium and
finite element methods with an elasto-plastic soil model.
For suction anchors under inclined loading, the
maximum holding capacity is reached when the load
attachment point and soil reaction forces are balanced
such that the caisson is forced into horizontal translation
with no rotational movement, which is obtained by
lowering the chain attachment point along the anchor
skirt. For the Nkossa anchors, the required ultimate
holding capacity is equal to 4,850kN (for nine lines with
4.5m top diameter anchors) and 5,920kN (for the three
remaining lines supporting larger loads, with 5m top
diameter anchors), and corresponds to the damage case
with a 15° load inclination at the chain attachment point.
The effect of the installation tolerances on both the
anchor verticality and orientation (+/-10°) was taken into
account into the holding capacity calculations.
The Nkossa suction anchor piles are made of two
concentric steel cylinders welded upon each other (see
Fig. 3). The mooring chain attachment is 7.5m from the
anchor top, approximately at mid-height of the
penetrated skirt length. A number of internal stiffeners
are used to resist against the external soil pressure and to
prevent buckling of the 15mm thick cylindrical shell.
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Because the rather limited vertical loading component
made permanent closure of the suction anchors
unnecessary, a retrievable anchor top cover was used,
thus leaving the anchor top open after installation.

inside the caisson, then by the vertical force created by
the under-pressure generated when actively pumping out
the entrapped water. This under-pressure is applied
during the penetration phase only, and the hydrostatic
pressure is restored inside the caisson at end of
penetration. The penetration analysis result, in terms of
the required suction under-pressure versus penetration
depth, is given in Fig. 4 for the nine 4.5m top diameter
caissons. At target penetration, the required underpressure ranges between 80 and 180kPa, with a
maximum allowable suction (so-called ‘critical suction’
which may cause upheaval or rupture of the soil plug
inside the caisson and penetration refusal) equal to
230kPa.
Installation Procedure. One single naval support was
used for the installation of the suction anchors and
moorings. Due to the relatively short distance between
the site and the shore (4.5-hour sailing time), the same
vessel was used for transportation of the anchors and
chains to the Nkossa site.

Fig. 3. Suction anchor for the Nkossa barge
Penetration Analysis and Installation Behaviour
Penetration Analysis. The penetration resistance of the
suction anchor is the sum of the friction resistance along
the anchor skirt (both inside and outside) and of the tip
resistance. The penetration resistance for the first
internal ring stiffener is included in the tip resistance. A
field model penetration test was performed at the Nkossa
site, giving an adhesion factor α (i.e. the ratio of
mobilized friction along the penetrated steel cylinder to
the undrained shear strength of the clay) equal to about
0.3. The soil-steel interface friction, which is the main
contributor to the resistance to penetration, is calculated
with both the best estimate and upper bound soil strength
profiles.
The suction anchor first penetrates the soil under its selfweight, with free evacuation of the water entrapped
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The whole operation was performed with assistance
from a subsea observation ROV, using a self-contained
and surface operated monitoring unit carried on top of
the removable caisson cover. For each suction anchor,
the general installation procedure consisted of the
following main steps:
- Lift and over-board the suction caisson with the
vessel crane, while paying out the mooring chain
and the umbilical of the monitoring unit. Adjust
anchor position and orientation;
- Perform self-weight penetration by free water
evacuation through the 0.51m (20in) vent on the top
cover. Close the vent and finalize penetration by
controlled pumping and under-pressure. Monitor
penetration rate and performance by the installation
unit and the subsea ROV;
- Recover the removable anchor top cover on deck.
Lay and abandon the mooring line on sea bottom for
later retrieval and connection to the process barge.
The main installation unit consisted of a hydraulically
driven centrifugal pump, with fully adjustable pumping
speed and reversible pumping direction. An
instrumentation package, designed and operated by NGI,
was incorporated into the pump unit on top of the
caisson, with the following equipment:
- one acoustic transponder and digital gyro-compass
for control of the anchor position and chain heading
- two inclinometers for checking the anchor
verticality
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-

two external and internal echo-sounders for
measuring the penetration depth and clearance
inside the caisson
one total pressure transducer and one differential
pressure transducer for measuring the submerged
depth and suction under-pressure.

All data from the sensor package were logged and
transmitted to the surface via the combined hydraulic
and electric umbilical of the monitoring unit. Real time
display was available on a PC-based data acquisition
system for instant follow-up and verification.

initially tilting by about 2°, was almost perfectly vertical
at end of self-weight penetration). For all anchors, the
self-weight penetration ranged between 4 and 5m, in
good agreement with the prediction. After closing the
vent on the caisson top cover, suction penetration was
initiated by slowly increasing the pump speed. The pump
discharge was further increased until a steady
penetration rate of about 6m/hr was reached. For all
anchors, the maximum measured suction under-pressure
ranged between 115 and 145kPa, in good agreement
with the prediction (see Fig. 4), and giving a large safety
with respect to the maximum allowable ‘critical suction’.
After the design target penetration was obtained, the
suction pump was stopped, restoring the hydrostatic
pressure inside the caisson before the top cover could be
disconnected and pulled up to surface. The
instrumentation package proved to be very useful, in
particular for control of the initial touch-down and selfweight penetration phase and for proving that all anchors
were installed within tolerances.

Fig. 4. Nkossa - Predicted and measured suction
Installation Behaviour. The typical installation result
from anchor No. 1 is given in Fig. 5, showing the
penetration depth, differential pressure, and anchor tilt
versus time. The installation results are summarized in
Fig. 4 for the nine 4.5m top diameter anchors.
In Fig. 5, the caisson touch-down on the sea bottom is
clearly shown by the immediate stop of cyclic
fluctuations of the anchor tilt. During self-weight
penetration, the tilt could be corrected to some extent
(several degrees) by moving the vessel and pulling on
the mooring chain (e.g., see in Fig. 5 that anchor No. 1,
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Fig. 5. Nkossa – Typical installation time history
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GIRASSOL
Angola)

MOORING

(1,400m

Waterdepth

in

General Design Conditions
The Girassol field, the deepest development off West
Africa to date, is located in about 1,400m of water
offshore Angola. The Girassol FPSO is connected to 40
subsea wells by means of three riser towers and pipeline
bundles. The Girassol seabed slopes gently to the
southwest, with a gradient of about 1%. Shallow soil
borings were performed at each group of four anchors,
with soil sampling and in-situ CPT testing. The soil
conditions, consistent and uniform, are composed of soft
organic clay of very high plasticity, with a plasticity
index Ip equal to 110%. The water content is about
160% at sea bottom decreasing to about 120% at 20m
depth, and the organic content decreases from 15% to
10% in the same depth interval. A summary of the
undrained shear strength profiles from advanced
laboratory tests (i.e. direct simple shear tests DSS, and
anisotropically consolidated triaxial tests CAUC) is
given in Fig. 6. The original NGI design profiles are
shown in Fig. 6, together with a slightly more
conservative profile defined by AG as part of a third
party review. From UU triaxial and fall cone testing, a
sensitivity factor St comprised between 2.2 and 4 was
found, giving adhesion factors α = 1/St equal to 0.45 and
0.25.

Fig. 6. Girassol clay shear strength profiles
The Girassol FPSO mooring comprises sixteen lines,
made of 105mm top chain, 125mm coated steel wire and
120mm ground chain, connected to 4.5m diameter
suction anchors. The permanent mooring of the FPSO
was designed for the requirements of the 20-year field
lifetime. With a lump safety factor equal to 2 and 1.5 in
the intact and damaged condition, respectively, the
required ultimate anchor holding capacity is equal to
6,890kN, corresponding to the dynamic condition with
one line broken at an angle to the horizontal of 24° at the
sea bottom.
Similarly to Nkossa, the holding capacity of the Girassol
anchors was calculated by NGI, using both limit
equilibrium and finite element methods, and the effect of
the installation tolerances on both the anchor verticality
and orientation was taken into account into the
calculations. When adding the maximum installation
tolerance on the anchor tilt, the mooring line angle at the
chain attachment is increased to 34° in the design
condition, resulting in a significant vertical loading
component at the anchor. The minimum 16.5m
penetration conservatively corresponds to an anchor that
tilts 10° toward the mooring line, and without
considering any passive suction developing inside the
caisson.
The 4.5m diameter Girassol anchors are 17.3m high,
with a 20mm shell thickness. In the chain attachment
area, the wall thickness is increased to 40mm and the
mooring line tension load bearing is ensured by a double
400mm large ring stiffener at 4.5m from anchor tip.
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Fig. 7. Suction anchors for the Girassol FPSO
Penetration Analyses and Installation Behaviour
Penetration Analyses. The original NGI capacity and
penetration analyses were performed in agreement with
Andersen and Jostad [1999]. The originally expected
penetration resistance profiles are given in Fig. 8a in
terms of suction pressure versus penetration depth.
Because the resistance to penetration of the first installed
anchor was significantly lower than predicted, the
penetration analysis was updated by NGI, identifying the
following two causes for the lower resistance actually
encountered at the site:
- Conservative use of the upper bound soil strength
and adhesion factor;
- Effect of paint on the external skirt friction. The
suction anchors, initially painted for corrosion
protection had been sand-blasted, but about 20% of
their external skirt area remained painted. On the
basis of specific ring shear tests, the adhesion factor
over the painted steel was found equal to about one
third of that over the naked steel area.
The updated penetration resistance profile, calculated
with the best estimate soil strength and the lower bound
adhesion factor (α = 0.25), and taking into account the
painted steel area with reduced friction resistance, is
given in Fig. 8a.
As part of a third party review, a revised penetration
analysis was issued by AG, applying the following
modifications:
- Use of a slightly more conservative strength profile,
about 10% lower than the best estimate NGI profile
(see Fig. 6);
- Use of the lower bound adhesion factor and reduced
friction along the painted steel are (same as in the
updated NGI analysis);
- Application of a 10% reduction on the end bearing
resistance of the lower ring stiffener to account for
disturbance of the clay at time of skirt penetration;
- Due to the relatively large width of the internal ring
stiffeners (400mm), it is believed that a wedge of
water and soft mudline clay can be trapped above
and below the stiffener. Therefore, the internal
friction resistance was neglected over a height equal
to the stiffener width above and below it.
Installation Procedure. The FPSO mooring lines and
anchors were carried to the Girassol site onboard a cargo
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barge in two separate batches of eight lines. After
overboarding the suction anchor and mooring line from
the deck of the cargo barge, the general installation
procedure was as follows:
- At 20m off the sea bottom, dock the primary ROV
onto caisson top platform for checking the anchor
position and heading. Perform self-weight
penetration by free water evacuation through a
single 0.51m (20in) vent;
- Primary ROV to close the anchor vent by engaging
the plug carrying the suction kit. Perform suction
penetration to target depth with continuous
monitoring of differential pressure, anchor tilt,
altitude and orientation;
- Secondary ROV to confirm that the target depth is
achieved by visual reading on the anchor skirt, after
which the primary ROV can disengage the suction
kit to undock;
- Lay and abandon the mooring line on sea bottom for
later hook-up to the FPSO.
Installation Behaviour. The installation results for the
sixteen FPSO anchors are given in Figs. 8a and 8b. The
self-weight penetration ranged between 6.5 and 7.8m,
i.e. close to the updated value of 7m. For all anchors but
one, the recorded suction pressure ranged between 80
and 90kPa at 16m and between 90 and 110kPa at 16.5m,
which is close to the updated prediction. For the last
anchor, the suction pressure was about 25% below the
updated prediction. All anchors were penetrated to the
maximum possible depth, i.e. until the internal soil plug
came into contact with the top cover frames. All FPSO
anchors were installed almost perfectly vertically, i.e.
with a final favourable pitch angle of less than 1° for
twelve anchors, and an unfavourable pitch angle
comprised between –0.1 and –0.9° for the remaining
four anchors.
Table 1. General characteristics of the suction anchors

Water depth
Number of anchors
Diameter
Height
Min. penetration
Skirt wall thickness
Width ring stiffeners
Dry weight
Design capacity

Nkossa barge

Girassol FPSO

200m
12
4.5 and 5m
12.3 and 13m
11.8 and 12.5m
15mm
100mm
41 and 47mTons
4,850 - 5,920kN

1,400m
16
4.5m
17.3m
16.5m
20mm
400mm
65mTons
6,890kN
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Installation tolerance

+/-10° on verticality and heading

Fig.8b. Girassol- Revised installation predictions
CONCLUSION
The suction anchor concept, has become the preferred
anchor solution for the permanent mooring of oil
production structures at deep water sites. The Nkossa
barge and Girassol FPSO moorings case studies have
shown that it is a reliable and efficient solution for
anchoring taut mooring legs in soft clays. However, the
prediction of suction anchor behaviour in extremely
plastic west Africa clays requires a site specific
calibration of the currently applied penetration and
holding capacity analyses, presently based on the
existing North Sea and Gulf of Mexico experience.
Apart from the problem of interface friction resistance
along painted steel, as was faced for the Girassol
anchors, specific concerns should be addressed, in
particular: (a) the effect of large ring stiffeners on the
internal friction resistance, (b) the effect of thixotropy
and soil set-up on the increase in pullout capacity with
time, and (c) the increase in ultimate pullout capacity
from passive suction that can develop at the tip of a
closed caisson under storm loading [Dendani, 2003].

Fig.8a. Girassol- Original installation predictions
ABBREVIATIONS
CPT
FPSO/FSO
TLM
TLP
FPU
ROV

Cone Penetration Test
Floating Production Storage and Offloading/Floating Storage and Off-loading
Taut Leg Mooring
Tension Leg Plaform
Floating Production Unit
Remotely Operated (subsea) Vehicle
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